Objective: To test the hypothesis that mitral valve prosthesis±patient mismatch increases postoperative mortality. Methods and results: The effect of mitral valve prosthesis±patient mismatch on survival in a cohort of consecutive patients after mitral valve replacement with a mechanical prosthesis was measured, focusing on the lower tail of the normal distribution curve of the prosthetic valve area index. ) as an independent risk indicator: relative risk 4.3 (95% CI 1.6±9.5; P 0:0043). The difference in overall survival between the two groups was entirely due to the high 30-day mortality in the patients with small valve area indices, congestive heart failure being the main cause of death. Conclusions: By concentrating on the extreme lower tail of the normal distribution of the valve area index, a strong and independent relation was found between relatively small valves (valve area index , 1:9 cm 2 /m 2 ) and 30-day mortality. We found no in¯uence of valve size on late mortality beyond the ®rst 30 days. q
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Introduction
Compared to nature's own heart valves, all arti®cial valves are stenotic [1] . This becomes more evident when the annulus into which the prosthetic valve is inserted is small compared to the size of the patient [1] . Such a valve prosthesis±patient mismatch might in¯uence cardiac function and survival. Some case reports in the late 1970s describe examples of probable mitral valve prosthesis± patient mismatch in adult patients [1±3] .
However, a recent study, using geometric valve area index, did not identify mitral prosthetic valve area index (VAI) as an independent risk factor for early or late mortality, NYHA class, major thrombo-embolism, anti-coagulant related hemorrhage, or reoperation [4] . The aim of the present study was to determine the role of mitral valve prosthesis±patient mismatch on survival in a cohort of consecutive patients after mitral valve replacement with a mechanical prosthesis, focusing on the lower tail of the normal distribution curve of the prosthetic valve area index (VAI). were patients who had a previous mitral valve operation. Exclusion criteria were mitral valve replacement by a bioprosthesis (n 47) or mechanical prosthesis other than St. Jude or Medtronic Hall (n 60) and incomplete clinical records (n 4).
Materials and methods
The ®nal study population consisted of 428 patients (143 men, 285 women), mean age 61.7^11.2 years, range 22± 83 years. Mitral stenosis was present in 76 (18%) patients, mitral regurgitation in 188 (44%) patients, and 164 (38%) patients had a combined lesion. Severe dyspnea, functional class III or IV according to the NYHA criteria was present in 81% of the patients. Isolated mitral valve replacement was performed in 75% of the patients; concomitant coronary bypass operation was performed in 19% and concomitant tricuspid annuloplasty in 6%. The size of prosthesis implanted ranged from 25 to 31 mm. The most frequently used prosthesis size was 27 mm. The prosthetic valves implanted were Medtronic Hall (n 270, 63%) and St. Jude (n 158, 37%).
Data collection
All data were collected retrospectively and processed in a structured database. Clinical, cardiac catheterization, Doppler echocardiography, operation and mortality data were gathered from patient hospital records. Preoperative symptoms were classi®ed according to the New York Heart Association functional criteria. Any previous cardiac operations were de®ned as previous surgery. Prior myocardial infarction was recorded in cases of increased enzyme (CK-MB) level or electrocardiographic (ECG) veri®cation. Left heart failure was de®ned as pulmonary edema or pulmonary vascular congestion, both auscultatory and radiographic, during the year before operation. Right ventricular failure was de®ned as the presence of increased central venous pressure, and/or hepatomegaly ascites or edema, at physical examination during the year before operation. Data on the presence of atrial ®brillation was obtained from the records of the referring physician or from rereading of the ECG. Cardiomegaly (cor-thorax ratio $50%) was determined by standard chest radiography. Left heart catheterization was performed in 397 patients and Doppler echocardiography in 339 patients.
Mitral valve lesions were classi®ed as stenotic (mean pressure gradient $5 mmHg, mitral valve area ,1 cm 2 and regurgitation grade #2/4), isolated regurgitation (Mean pressure gradient #5 mmHg and regurgitation grade $3) or mixed (mean pressure gradient $ 5 mmHg, regurgitation grade $3). Etiology of the mitral regurgitation was divided in ischemic and non-ischemic. Ischemic mitral regurgitation was said to be present if there was segmental ventricular wall asynergy or annulus dilatation in patients with coronary artery disease and no primary lea¯et pathology, or in the case of papillary muscle rupture after myocardial infarction. Coronary artery disease was de®ned as the presence of luminal narrowing of .50% in coronary angiography. Diabetes mellitus was coded as present if the patient had either the insulin-dependent or the insulin-independent variety. Impaired renal function was de®ned as a creatinine level above 120 mmol/l. Operations were characterized as elective, urgent (operation during the same admission as the diagnostic evaluation) or emergency (operation within 48 h after hospitalization).
The operations were performed with the standard techniques of cardiopulmonary bypass, including hemodilution and moderate systemic hypothermia with the myocardium protected by cold crystalloid cardioplegia. The mechanical prostheses were implanted in the mitral annulus using interrupted everting mattress sutures. The prosthetic valve area index (VAI) was calculated from the geometric valve area (cm 2 ) divided by the body surface area (m 2 ). We used speci®cations for geometric valve area supplied by the manufacturer according to prosthesis size. Body surface area was calculated by the formula of Dubois [5] .
Data on the clinical course and functional status of hospital survivors were by collected one of us (A.P.Y.) from the clinical records and outpatient records, at the end of followup (January to April 1998). If this approach was not feasible, the attending cardiologist or family practitioner answered a questionnaire. The occurrence of death was established by information on all patients from the Census Bureau. Information on causes of death was obtained from clinical records, postmortem examination or a questionnaire to the attending physician. If no information on causes or circumstances of death was available (e.g. patients who emigrated); patients were classi®ed as circumstances unknown. Followup was 98% complete, mean follow-up was 68 months (range 0±177 months) and comprised 2434 patient-years.
Statistical analysis
Continuous variables are presented as mean^SD and as median and range depending on the distribution. The occurrence of categorical variables was expressed as percentages. Student's t-test for unpaired samples and mid-point exact tests analysis [6] were carried out for comparison of continuous and categorical variables, respectively. Continuous variables for within sub-group analysis were compared by the Mann±Whitney test. Cumulative survival rates were estimated using the Kaplan±Meier procedure and compared with the log-rank test. Background mortality was calculated by the method of Verheul et al. [7, 8] . The following potential confounders, showing a relation with the outcome with a P-value of less than 0.2 were entered into the model, either as a continuous variable or dichotomized (1 present, 0 other): age (entered as continuous variable), gender, preoperative functional class (III or IV vs. other), prior myocardial infarction, left-sided heart failure, right-sided heart failure, atrial ®brillation, coronary artery disease, mitral regurgitation (mitral regurgitation vs. mitral stenosis and/or combined lesion), ischemic mitral regurgitation (ischemic vs. non-ischemic etiology), creatinine (,120 vs.
$120 mmol/l), diabetes mellitus, operation year (,1988 vs. $1988) and emergency operation. Variables with a P-value of less than 0.2 in the univariate analysis, with possible clinical relevance for the mortality, were entered as covariates in the stepwise multivariate regression analysis. Multivariate analysis of 30-day mortality was performed with logistic regression analysis and multivariate analysis of survival was performed using Cox proportional hazards regression method. Dichotomous odds ratios, calculated by multivariate logistic regression, were converted into relative risk by the method of Zhang et al. [9] . A P-value of less than 0.05 was designated as statistically signi®cant. Statistical analysis was performed with SPSS for Windows version 7.5 (SPSS, Chicago, IL).
Results
The study group consisted of 428 patients with a mean body surface area of 1 Table 1 . Univariate analysis showed that the group with a small VAI (group 1) contained signi®cantly more males and consequently the mean body surface area was higher. In addition, signi®cantly more patients with a small VAI had mitral regurgitation, prior myocardial infarction, coronary artery disease, a smaller cor-thorax ratio and emergency surgery. The prevalence of ischemic mitral regurgitation was also higher in group 1 (VAI , 1:9 cm 2 /m 2 ).
Early mortality
The 30-day mortality was higher in patients in group 1 (VAI , 1:9 cm 2 /m 2 ) than in group 2 (18.2 vs. 4.1%, P 0:005). In group 1, signi®cantly more patients died of congestive heart failure in the ®rst 30 days (9.1% in group 1 vs. 1.8% in group 2, P 0:035). Congestive heart failure was also the main cause of death in group 1. Other causes of 30-day mortality (intractable bleeding, major infection/ sepsis, LV-wall rupture, acute myocardial infarction, sudden death and anti-coagulant related) were not signi®-cantly different between the two groups. Although unfavorable patient characteristics (like a signi®cantly higher prevalence of ischemic mitral regurgitation, prior myocardial infarction, coronary artery disease and emergency surgery) in patients with a small VAI might have been responsible for the higher early mortality, multivariate logistic regression analysis showed that a small VAI (,1:9 cm 2 /m 2 ) was an independent risk factor for 30-day mortality (relative risk 4.3, 95% CI 1.6±9.5, P 0:0043). Other independent risk factors were age and emergency surgery (see Table 2 ).
Among patients with a small VAI (group 1), those who died had the smaller VAI values (Mann±Whitney test onetailed exact P 0:028). ) and the background mortality is shown in Fig. 1 . The estimated 10-year survival was 51% in group 1 and 56% in group 2. The observed difference between both groups is not due to the estimated background survival derived from the healthy general population. On the contrary, the estimated background survival of the patients with small VAI (group 1) is somewhat better than that of group 2. The difference between the background survival and the observed survival which could be designated as the estimated excess or valve-related mortality is greater in group 1. All long-term differences in survival can be explained by the early 30-day mortality. In Kaplan± Meier curves of the 30-day survivors (Fig. 2) , there is no difference in survival between the groups over a period of 10 years (log-rank test P 0:98).
Late mortality and survival

Discussion
Rahimtoola called attention to the potential deteriorating effect of valve prosthesis±patient mismatch both in the aortic and mitral position [1±3]. Few studies have been directed at the potentially deleterious effect of this factor on the survival of patients after mitral valve replacement. We found a signi®cant effect on 30-day mortality after adjusting for potential confounding by multivariate logistic regression (there was also a signi®cant relation between the small VAIs and the late mortality but this was due to the strong effect of the 30-day deaths). Fernandez et al., in a large 6-year follow-up study, found no effect on early or late mortality of the geometric VAI within the ranges measured ). This discrepancy of our results with those of Fernandez et al. may be due to the different distribution of body surface area of the patients in the latter study with an age range from 1 to 84 years, or to the fact that the lower tail of the distribution of VAI was not speci®cally addressed, to unknown confounding factors, or it may be due to chance. The causes of early death in our series give some support to the theory that extreme valve prosthesis±patient mismatch may cause heart failure in the early postoperative phase. Theoretically, this might be attributed to the combination of a persisting relatively higher afterload of the right ventricle after implantation of a narrow prosthetic valve and stunning of the right ventricle in the early postoperative phase.
From our results it was conspicuous that, among patients with a small VAI (the lower tail of the normal distribution curve of the VAI, group 1), those who died had the smallest VAI. The patients in our series with small VAIs had a signi®cantly larger body surface area and smaller cor-thorax ratio (on the standard chest X-ray), which may point out to the relatively smaller sizes of their heart and subsequent small annulus. There was no difference between the survival of patients with a Medtronic Hall or a St. Jude prosthesis.
The limitations of our study are obvious. It is not a randomized controlled study and it rests critically on only 33 patients with six deaths. It is conceivable that the correlation between narrow valves and early death, even if real, is not entirely causal. There may be hidden causes why surgeons However, the effect remained after adjusting for possible confounders and the high signi®cance of this relation means that any such hypothetical unknown confounder would have to be of similar force and highly correlated with small VAI to explain it. With respect to the late survival, our results con®rm those of Fernandez et al. In the range studied we found no longterm deleterious effect of a small mitral VAI. All patients (7) in group 1 (VAI , 1:9 cm 2 /m 2 ) who died in the ®rst year did so in the ®rst 61 days. It might be that a small VAI eliminates those with the greatest co-morbidity from our cohort, so the survival curve¯attens thereafter. Logically there must be valve sizes that severely impair cardiac function, but general surgical practice may largely avoid this. Where exactly the permissible lower boundary of the VAI lies will be hard to determine in adults. Observations in children with implanted valves might perhaps help to delineate it. After all, in children re-replacement of mitral valve prosthesis because of somatic growth leading to valve prosthesis± patient mismatch is a well-known problem, especially if the child has been operated upon at a young age because of a parachute mitral valve complex. Unfortunately, in studies addressing this subject it is not documented at which level of VAI signs of heart failure develop [10±12]. However, from two reported studies it may be inferred that severe heart failure leading to re-replacement of the prosthetic valve in patients who survive the acute phase (®rst 60 days) of MVR may occur at a geometric mitral valve area index of # 1:2 cm 2 /m 2 [13, 14] . . This might explain why the late mortality between the 30-day survivors of group 1 and group 2 in our study population was not signi®cantly different.
In conclusion, by concentrating on the extreme lower tail of the normal distribution curve of the valve area index (VAI , 1:9 cm 2 /m 2 ), a strong and independent relation was found between relatively narrow valves and 30-day mortality, congestive heart failure being the main cause of death. We found no in¯uence of a small VAI on late mortality beyond the ®rst 30 days. The effects of mitral valve prosthesis±patient mismatch in adults may be dif®cult to observe because surgeons in general are well aware of the problem and manage to avoid it. 
